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Abstract 
Physical Degradation of AlGaN/GaN-based HEMTs and Prospects Moving Toward In-situ 
Microscopy of these Devices 
Andrew C. Lang 
 
 
 
 The most promising class of materials poised to take over the future of microwave power 
transistors are wide band gap semiconductors among which GaN is most exciting.  A high 
electron mobility transistor (HEMT) made of an AlGaN/GaN heterostructure can take advantage 
of a sheet charge layer known as a two-dimensional electron gas (2DEG) to achieve superior 
properties compared to other materials such as Si, SiC and GaAs.  Unfortunately AlGaN/GaN 
HEMTs are plagued by unknown reliability and there is no clear mechanism which describes how 
these devices degrade.  Degradation of AlGaN/GaN HEMTs is a result of multiple mechanisms, 
and from a materials perspective it is most advantageous to study the physical degradation and 
microstructural changes of these electronic devices.  During high voltage and high frequency 
operation AlGaN/GaN HEMTs experience irreversible degradation in their electronic properties, 
and this degradation has been attributed to physical degradation of the device
1–7
.  By performing 
high resolution transmission electron microscope (HRTEM) imaging and taking advantage of the 
phase information within a bright field TEM image by performing Geometric Phase Analysis, a 
higher resolution and greater quantitative understanding of the degradation of AlGaN/GaN 
HEMTs can be achieved.  Establishing the ability to reproducibly perform HRTEM and 
quantitative analysis on AlGaN/GaN HEMTs of varying amount of bias is only the first step on 
the road toward to the ultimate goal of performing in-situ TEM on these devices.  Much of the 
ground work for in-situ studies has been laid out and key issues for moving forward are discussed. 
1 
 
Introduction 
 
  Nearly every aspect of human life is affected and driven by wireless 
communications.  The increasing demand for wireless technology has driven research on 
materials to further develop these devices.  In particular, there is renewed interest in high power 
microwave amplifiers and transistors.  Historically, Si- and GaAs-based devices have dominated 
the field but, after several decades of development, the enhancement of their performance has 
reached its limit.  Since the early 1990’s the maximum power density of GaAs metal-
semiconductor field effect transistors (MESFETs) has hovered between 1.4 and 1.6W/mm at 8 
GHz operating frequency or less
8,9
.  This limit creates a ceiling above which GaAs can no longer 
support the growing need for greater power and higher frequency devices.  In order for the market 
to continue to grow and the performance of microwave power devices to increase, a new class of 
materials needs to be developed to replace GaAs FETs.   
 The most promising class of materials poised to take over the future of microwave power 
transistors are wide band gap semiconductors.  Table 1 lists several materials properties including 
band gap (Eg), breakdown field (Eb), saturation velocity (νs), and Johnson’s figure of merit 
(JFOM) for two of the most common semiconductors Si and GaAs and two candidate wide band 
gap semiconductors GaN and SiC.  The most evident advantage that SiC and GaN exhibit is the 
fact that their band gaps, both greater than 3eV, are more than twice as big as those of Si and 
GaAs; This large band gap allows them to operate safely at higher temperatures and enables them 
to switch larger voltages than Si and GaAs.  In addition, a large band gap directly influences the 
breakdown field and, in the case of SiC and GaN, results in an order of magnitude increase 
compared to their competitors.  Wide band gap semiconductors also exhibit superior electron 
saturation velocities, which depends on phonon scattering, compared conventional 
semiconductors.   
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Table 1: Material Properties and Johnson’s figure of merit of several candidate materials for power 
performance and high frequency devices.  All values for JFOM are normalized based on Si. 4H-SiC refers to a 
hexagonal polytype of SiC which exhibits very good electronic properties. 
Material Si GaAs 4H-SiC GaN 
Eg (eV) 1.1 1.42 3.23 3.39 
Eb (10
6 V/cm) 0.3 0.4 2.0 3.3 
νs (10
7cm/s) 1.0 2.0 2.0 2.7 
JFOM 1.0 2.6 13.4 29.8 
 
 
One of the most common ways of determining how useful a material will be in a high 
power and high frequency microwave transistor is value known as Johnson’s figure of merit 
(JFOM)
10
.  Which is shown as: 
      
    
  
  (1.1) 
JFOM is a relation between the electric breakdown field and the electron saturation velocity of a 
material.  The JFOM can be considered a material property describing how suited a material is for 
high power and high frequency devices.  The values of JFOM listed in Table 1 show that both 
SiC and GaN exhibit an order of magnitude increase in the JFOM compared to Si and GaAs.  
These values alone show the potential for improved performance that is theoretically possible 
using SiC and GaN devices.   
Over the last 15 years there has been an enormous amount of research dedicated to 
developing SiC and GaN based power devices
11–14
.   Although SiC devices have been adapted and 
released on the market faster than GaN devices, GaN devices have one unique advantage 
compared to SiC devices, the ability to form a heterojunction.  The mobility of carriers in SiC is 
based on the bulk mobility, while carriers in a GaN heterostructure such as AlGaN/GaN are able 
to take advantage of a two-dimension-electron gas (2DEG) that occurs at the AlGaN/GaN 
interface.  2DEG electrons in AlGaN/GaN exhibit much greater mobility than those of SiC.  A 
3 
 
heterostructure of AlGaN/GaN as a high electron mobility transistor (HEMT) combines the wide 
band gap nature of GaN with the large increase in carrier mobility found in the 2DEG at the 
AlGaN/GaN interface which results in a device that can be capable of greater performance than 
its SiC counterpart.  Considering all these properties together, AlGaN/GaN based HEMTs have 
potential applications in many fields; in particular they are suited for cellular communication 
stations, GPS navigation systems, broadband wireless networking systems, RADAR and many 
other high power and high frequency applications. 
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Background – Properties of AlGaN/GaN HEMTs 
 
 Gallium nitride (GaN) is part of a class of materials known as III-V semiconductors 
which is, along with aluminum nitride (AlN) and indium nitride (InN) known as III-nitride 
semiconductors.  III-nitrides offer many unique properties which are desirable for high power and 
high temperature electronic devices such as HEMTs and lasers and other optoelectronic 
applications.  In particular, their band gaps can be tuned from ~0.7 to 6.2eV depending on the 
amount of alloying between elements
15
. 
Crystal Structure of GaN 
Unlike GaAs and most III-V semiconductors which exhibit a stable zinc-blende crystal 
structure, GaN and most other III-nitrides exhibit a stable hexagonal wurtzite crystal structure.    
Error! Reference source not found. an example of a typical wurtzite crystal structure.  Wurtzite 
is closely related to zinc blende, but the main difference is in the packing of the planes.  Wurtzite 
is a hexagonal close-packed lattice, with two stacking layers, while zinc blende is a face-centered 
cubic lattice, with three stacking layers
16
.  Wurtzite consists of two interpenetrating hexagonally 
close-packed sublattices.  One sublattice consists of cations, Ga in this case, and the other consists 
of anions, N in this case.  In addition, one of the sublattices is offset by 5/8s of the unit cell height 
when compared to the other sublattice in the c-direction
17
.  Each cation is coordinated 
tetragonally with 4 anions, and the opposite is also true.  Due to the alternating nature of the 
sublattices in the GaN wurtzite crystal structure, when it is grown along the (0001) direction, 
depending on the initial nucleation layer two different structures that can result.  Figure 2 shows 
ball-and-stick models of the two possible arrangements of GaN crystals grown in the (0001) 
direction, their names are derived from the terminating surface sublattice, for example if the 
crystal terminates with a surface of Ga atoms it will be called Ga-polar or Ga-face.  
5 
 
 
Figure 1: The unit cell of wurtzite is outlined using a dashed line.  A wurtzite crystal consist of two 
interdependent hexagonal closely packed sublattices, displaced by 5/8 on the c(0001) axis17. 
 
Figure 2: A ball-and-stick model of the wurtzite crystal structure showing the two different polarities of GaN, 
Ga-polatiry and N-polarity 18. 
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Polarization and Formation of Two-Dimensional Electron Gas 
 When a wurtzite GaN crystal is epitaxially grown in the (0001) direction this leads to the 
creation of both spontaneous and piezoelectric polarization fields.  These fields have a very 
strong influence on carrier densities and device performance
19,20
.  Figure 3 shows the direction 
and combination of the corresponding polarizations for an AlGaN/GaN heterostructure. The 
wurtzite crystal structure is non-centrosymmetic, which means it lacks inversion symmetry.  This 
lack of inversion symmetry and the ionic character of the GaN bond give rise to spontaneous 
polarization in a GaN wurtzite crystal under the absence of any external forces.  Is has been 
shown that the spontaneous polarization in an AlGaN/GaN heterostructure occurs in the (0001) 
direction and has a magnitude of
19,21
: 
                         
  (2.1) 
where x is the atomic percent of Al in AlxGa1-xN. 
 
 
Figure 3: Depiction of both spontaneous and piezoelectric polarizations in Ga- and N-face heterostructures.  In 
both cases, it is assumed that the AlGaN layer is under the critical thickness for strain relaxation and is fully 
strained by the GaN22. 
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In addition to spontaneous polarization, there also exists a piezoelectric polarization 
found at the AlGaN/GaN interface.  For growth in the (0001) direction of the GaN wurtzite 
crystal structure there will be a polarization field Pz in a strained layer along the [0001] direction 
given by
23
: 
                
    
 
   
    , (2.2) 
where d31 is the relevant piezoelectric constant, cij are the relative elastic constants, and 
    
    
      
  , (2.3) 
where a is the lattice constant of material in question
24
.  When a strain-relaxed GaN layer has 
AlGaN grown on it the resulting AlGaN layer is under a tensile strain.  The resulting polarization 
field at this interface will point in the [000  ] direction24.  In AlGaN/GaN structures it is important 
to comment that the spontaneous polarization is larger, in relative terms, when compared to the 
piezoelectric polarization, and if the strain in the AlGaN layer is relieved the piezoelectric 
polarization is also lowered
18
.  
 The polarization field mentioned in Eq. 2.1 will cause a piezoelectically induced charge 
density σpz at the AlGaN/GaN interface and is given by 
24
: 
               , (2.4) 
the net result of this induced charge density is that a positive piezoelectric sheet charge density, 
σpz, will occur in the AlGaN layer at the AlGaN/GaN interface.  There will also be a 
corresponding negative sheet charge density, -σpz, at the top of the AlGaN layer.  Figure 4 is 
included to facilitate visualizing the collection of charges in an AlGaN/GaN heterostructure. 
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Figure 4: Net charges around the AlGaN/GaN interface caused by the sum of the net spontaneous polarization 
and piezoelectric polarization between AlGaN and GaN.  Qπ includes the contribution of spontaneous and 
piezoelectric contributions11. 
 
The direct effect of the combinations of polarization in an AlGaN/GaN heterostructure 
band diagram is shown in Figure 5.  At the interface of AlGaN/GaN, the conduction band 
structure must bend in order to maintain continuity.   This results in a collection of positive 
charges in the AlGaN layer, and a collection of negative charges in the GaN layer near the 
interface.  Electrons from AlGaN tunnel into the quantum well in the GaN layer and are confined 
in what is called a two-dimensional electron gas (2DEG).  The 2DEG electrons exhibit very high 
mobility, which is due to the fact that the GaN layer is relaxed and undoped therefore greatly 
reducing scattering.  This is unlike normal III-V semiconductors where the 2DEG is created by 
intentional doping; the 2DEG in the AlGaN/GaN system is created by polarization.  
9 
 
 
Figure 5: Conduction band edge diagram of an AlGaN/GaN heterostructure.  The origin of the interface charge 
is a combination of polarization and free carriers18. 
 
HEMT structure 
 High electron mobility transistors (HEMTs), also known as a heterostructure field effect 
transistors (HFETs) or modulation doped field effect transistors (MODFETs), are high frequency 
devices whose geometries are largely based off that of metal semiconductor field effect 
transistors (MESFETs).  A typical geometry of a HEMT is shown in Figure 6.  Starting at the 
bottom of the device, the substrate layer is arguably the most troubling part of the device.  
Unfortunately there is no native GaN substrate available to grow AlGaN/GaN HEMTs on.  This 
creates many problems that other material systems, such as Si or SiC, do not have which is the 
lack of good epitaxy.  GaN is commonly grown on SiC, sapphire (Al2O3) or Si, but neither of 
these substrates exhibit the same wurtzite crystal structure that GaN has which results in large 
amounts of threading and epitaxial dislocations. A device grown on top of SiC will be able to take 
advantage of SiC’s high thermal conductivity (3.7 to 4.9 W/cmK depending on polytype), which 
10 
 
is very important for high power and high temperature applications.  Unfortunately GaN on SiC 
exhibits very high dislocation densities (up to 10
10
 cm
-2
).  Adversely, sapphire substrates exhibit 
lower dislocation densities with GaN, typically two orders of magnitude lower than SiC however 
it has far poorer thermal properties than SiC.  
 
 
Figure 6: Typical geometry of an AlGaN/GaN HEMT11.  Not to scale. 
 
 On top of the substrate, undoped GaN is deposited a few microns thick, most commonly 
by metal organic chemical vapor deposition (MOCVD).  Next, a thin AlGaN layer is deposited on 
the GaN, the chemistry of the AlGaN layer is often Al0.3Ga0.7N and the thickness is between 20-
30nm but both can vary depending on the desired properties
18
.  On top of the AlGaN/GaN layers 
a gate material is deposited which typically consists of an alloy of Ni/Au/Ti which acts as a 
schottky contact.  The source and the drain typically consist of an alloy of Ti/Al/Mo/Au and act 
as ohmic contacts.  The two ohmic contacts on an AlGaN/GaN HEMT are connected through the 
2DEG and the schottky contact controls the electron density in the AlGaN layer, which directly 
changes the 2DEG density. 
11 
 
 There are two different stress states that of interest for degradation studies of 
AlGaN/GaN HEMTs, off-state and on-state stresses.  In the off-state there is typically a positive 
drain to source voltage, nominally VDS = 20V and a negative gate to source voltage, nominally 
VGS = -5V.  The purposes of these conditions are to enter pinch off, which is when the drain 
current becomes zero and the 2DEG is completely depleted of carriers.  In this condition the 
device is only subjected to effects from the electric field and not due to thermal effects induced 
by the flow of current.  In the on-state there is a positive drain to source voltage, VDS = 20V, and 
a zero or positive gate to source voltage, VGS = 0V.  The goal of the on-state is to test a device 
under both electrical and thermal effects induced by the current.  Doing an on-state test is more 
complicated to analyze than an off-state test, but the on-state better represents a realistic situation 
that a device will experience in operation.    
  
12 
 
Review of AlGaN/GaN HEMT Degradation 
  
GaN-based HEMTs have been available on the market since 2006
25
.  Their compact size 
and excellent properties have found many applications in the optoelectronic devices fields, but 
large scale applications in the power devices such as, broadband wireless networking systems and 
RADAR, are still limited due to device quality and reliability.  AlGaN/GaN HEMT 
characteristics degrade quickly under radio frequency (RF) power operation and the exact 
mechanisms by which they fail remain unknown.  One obstacle in understanding and 
compensating for the degradation in AlGaN/GaN HEMTs is the large pre-existing strain in these 
devices.  The lack of epitaxial substrates with similar lattice spacing for GaN creates a large 
amount of threading dislocations that lie normal to the substrate/GaN interface and either stop or 
continue into the AlGaN layer.  In addition, the difference in lattice parameter between AlGaN 
and GaN results in the AlGaN layer elastically deforming, under a tensile stress, to the lattice 
parameter of GaN.  Lastly, the epitaxial strain enhances the spontaneous and piezoelectric 
polarization fields found in AlGaN and GaN and altogether they quantum mechanically confine 
electrons in the 2DEG, which also creates even more additive strain in the AlGaN layer.  
Altogether, the combination of poor epitaxy, lattice mismatch and polarization fields result in an 
AlGaN/GaN heterostructure that is under a large amount of strain, in the absence of any bias.  
The situation worsens during operation, where a vertical tensile stress is generated underneath the 
gate by the applied fields.  In order to relieve strain, the device forms dislocations which act as 
surface traps and pathways for gate leakage, ultimately degrading device performance.  
The unpredictability in the degradation of AlGaN/GaN HEMTs has sparked a great 
amount of interest in the reliability and degradation mechanisms of these devices.  Although there 
are many things that can contribute to device degradation, two main theories have emerged from 
recent research: (1) crystallographic defects form due to the inverse piezoelectric effect, multiply, 
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deplete the 2DEG and ultimately cause the device to fail
1,2,4,26
 and (2) diffusion of atoms from the 
gate into the AlGaN layer and diffusion of impurity elements along dislocations enhanced by the 
applied field lead to crack and pit formation leading to device failure
27–29
.  It still stands that the 
“holy grail” of AlGaN/GaN HEMT research is to directly correlate the degradation of the devices 
electrical properties with the degradation of the device itself and create predictive models for that 
degradation.   
 Therefore, unlike most research in AlGaN/GaN HEMTs up to this point, this thesis 
focuses on degradation from the materials science perspective, seeking to understand the role that 
changes in microstructure have on the electrical properties of these devices.  The motivation lies 
with understanding the physical nature of the degradation of AlGaN/GaN HEMTs.  Thus, the 
emphasis will be on physical degradation, such as defects and dislocations, within an 
AlGaN/GaN HEMT, how they form and relate to the device characteristics.  The proceeding 
section consists of a review of physical degradation seen in AlGaN/GaN HEMTs and the 
common ways of characterizing it.   
Defects in GaN 
 
One of the most common methods of characterizing GaN-based devices is using various 
types of luminescence.  GaN is a direct band gap material and readily emits photons when it 
absorbs enough energy.  In a perfect direct band gap material the luminescence spectrum would 
simply consist of an intensity peak centered on the band gap of the material, but in a real material 
the spectrum will have several peaks all of which have a defect or donor/acceptor state associated 
with them.  Several defects have been related to photoluminescence (PL) bands seen in yellow, 
green and blue wavelengths in GaN, the most common and well studied being the yellow band, 
which is a broad structureless feature that peaks between 2.20-2.25eV
30
.    An early investigation 
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of yellow band luminescence in GaN was conducted using GaN implanted with 35 different 
elements, and showed that most of them either caused yellow band emission to appear or changed 
the shape of yellow band emission seen
31
.  From their results, it is clear that the yellow band is 
representative of some sort of defect state in GaN.  There is no clear model describing the cause 
of the yellow band in GaN, but nearly all proposed theories include the formation of gallium 
vacancies, VGa, and a complex between VGa and either carbon sitting on a gallium site, CGa, or 
oxygen sitting on a nitrogen site, ON, 
30,32–35
.  Both C and O are common impurities in GaN whose 
exact concentrations can be difficult to control, both CGa and ON would have similar properties in 
GaN due to the fact that they both act as shallow donors
32
.   
Degradation studies of AlGaN/GaN HEMTs 
 
 More recently there have been studies on the luminescence of AlGaN/GaN 
HEMTs during bias
36–41
.  Bradley et al performed low energy electron-excited nanoscale 
luminescence spectroscopy (LEEN) on two AlGaN/GaN HEMTs, one which formed a 2DEG and 
one which did not, in particular they found that the when probing the structure, at a range of 
accelerating voltages, the resulting spectra’s yellow band emission was directly correlated to the 
shape of the GaN or AlGaN band edge, this can be seen in Figure 7
36
.  Their conclusion as to why 
one sample had no 2DEG is that, since the yellow defect emission follows the same track as the 
AlGaN emission in the sample with no 2DEG the defect that caused this emission is likely 
localized in that AlGaN layer
36
.  In essence, they postulate that a defect that is localized to the 
AlGaN layer is the cause for absence of a 2DEG, and defects in the GaN layer do not have as 
large of an impact on the presence of a 2DEG.   
Chang et al observed Al segregation around dislocations in AlGaN which, they suggested, 
could imply that Al interacts more strongly with a dislocation compared to Ga
42
.  They also 
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conducted high resolution transmission electron microscopy (HRTEM) in order to show that there 
are no secondary phases found in AlGaN and that all of the contrast in their images is from the 
strain field of dislocations, one of their TEM images is shown in Figure 8
42
.  Jimenez et al 
suggest that alloy disorder and impurities in the AlGaN layer can lead to low mobility and the 
absence of a 2DEG
37
.  Bouya et al conducted light emission microscopy of an AlGaN/GaN 
HEMT during bias, and observed electroluminescence (EL) emission between the gate and drain, 
which is due to the greatly accelerated electrons in the area, which was correlated to direct and 
inelastic intra-brand transitions
39
.  These traps increased gate leakage and degraded device 
performance.  Megeghini et al performed EL on AlGaN/GaN HEMTs under various on-state bias 
conditions
40
.  They obtained similar EL spectra to that of Bouya et al, but they also went to higher 
drain voltages and captured parasitic emission bands from which they attributed to the 
recombination of hot electrons, electrons that have enough kinetic energy to tunnel out of the 
2DEG, with defects.  Hot electrons ultimately lead to increased gate leakage and heating of the 
device.  A later publication by Meneghini et al serves to flesh out their findings and concludes 
that during reverse bias defects are formed in AlGaN and/or at the AlGaN/GaN interface near the 
drain side edge of the gate 
41
.  Under a constant reverse bias defects continue to form until they 
form a conductive path and appear as a dot in EL images, an example is shown in Figure 9
43
. 
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Figure 8: To the left is a high-resolution TEM image of AlGaN with partial dislocations pointed out by arrows, 
note the absence of any secondary phases, contrast is due to strain.  To the right is a superimposed EDX 
spectrum containing spectra from an edge dislocation and the AlGaN matrix, the chemistry changes depending 
on where the spectra was obtained, showing Al enrichment around a dislocation42.   
 
Figure 7: Peak intensities of yellow defect emission, GaN band edge emission and AlGaN band edge emission 
versus excitation energy for two AlGaN/GaN HEMTs.  It is important to point out that the yellow defect 
emission band closely follows the GaN band edge in sample with 2DEG present and the AlGaN band edge in the 
sample with no 2DEG present36. 
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Figure 9: Time and spatially-resolved EL measurements on an AlGaN/GaN HEMT stressed at VGS=-30V and 
VDS=0V.  The red dots that show up after some time indicate conductive pathways created by defects 
43. 
 
As previously mentioned, AlGaN/GaN HEMTs are often studied under on- and off-state 
conditions, this allows for the study of electric field and electric field with temperature effects on 
device degradation respectively.  One of the most well studied, and as yet not understood, aspects 
of AlGaN/GaN HEMT degradation is related to the gate and the degradation of the gate current 
during RF power use.  Joh et al observed that beyond a critical voltage, Vcrit , of VGS, in the off-
state, there is a large degradation in the drain and gate current, ID and IG, and the contact 
resistances of both the source and drain, RS and RD 
1,2,7,26,44
.  In addition, it was found that in the 
on-state under large positive gate bias the Schottky contact begins to degrade due to the added 
temperature effects seen in on-state testing 
26,45
.  They found that the Vcrit exhibited a negative 
dependence on the stress current, shown in Figure 10, which ruled out the possibility of the 
degradation being due to hot electrons.  
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Figure 10: Graph of the change in |IG| in the off-state in high-power step-stress experiments
26. 
 
Their proposed theory, conceptually shown in Figure 11, is that the high vertical electric 
field at the drain side of the gate edge results in a large tensile strain in the AlGaN layer due to 
the inverse piezoelectric effect
26,46
.  This effect is additive to the strains present in an unbiased 
device, and eventually the increase in the mechanical stresses throughout the AlGaN layer lead to 
the formation of defects.  These defects trap electrons and lower the Schottky barrier height of the 
gate degrading device performance
26
.  In order to test their hypothesis they constructed an 
apparatus in which they could bend, apply a mechanical stress, a chip and simultaneously perform 
RF measurements.  Their results confirmed their hypothesis and when applying extra mechanical 
stress they found that the Vcrit decreased
26
.   
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Figure 11: Proposed IG degradation mechanism for off-state stress.  The defect states represent crystallographic 
defects caused by the inverse piezoelectric effect; they lower the Schottky barrier height of the gate and provide 
a path for gate leakage across the AlGaN layer26. 
 
Chowdhury et al biased several AlGaN/GaN HEMTs, left them in the on-state for an 
hour and then switched to the off-state for a minute, and repeated this for between 6 and 1000 
hours
5,6
.  After biasing, they prepared cross sections of the devices, via focused ion beam (FIB), 
for TEM analysis.  Their findings, shown in Figure 12, show that during bias pits and cracks 
formed in the AlGaN layer near the drain side edge of the gate, and in the most extreme 
conditions they saw diffusion of the gate metal in to the AlGaN layer.  This is contrary to the 
unbiased sample they analyzed which had none of these defects.  They noted that in 18 of the 20 
cross sections they prepared had these pit like defects or cracks near the drain side edge of the 
gate, indicating that this feature is most likely present throughout the stressed devices
5
.  
Combining their TEM analysis with electrical data they concluded that there was a direct 
correlation between the electrical degradation and the amount of physical degradation found in 
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their devices.  They suggest that the defects they found were directly driven by the electric field 
and the mechanical stress applied by the inverse piezoelectric effect
5,6
.  
In addition to the effect of the electric field on AlGaN/GaN HEMT degradation it is 
important to not neglect the effect that temperature can have on the degradation of a device.  High 
voltage applications naturally cause devices to heat during usage; diffusion is a thermally 
activated process and can contribute to device degradation
28
.  Due to the large dislocation density 
in AlGaN/GaN HEMTs Kubal et al hypothesized that there is a large statistical probability for at 
least some of those dislocations to be near the gate edge of a HEMT device several hundred 
microns wide
28
. Using a combination of experimental and simulated data they determined the 
diffusion constants for O and C atoms, the most common impurity atoms, along dislocations in 
AlGaN at several temperatures.  They predicted that over the temperature range of room 
temperature to 150°C the diffusion constant for O changes by two orders of magnitude.  
Diffusion along dislocations is a lower energy path compared to bulk diffusion.  Diffusion, in this 
case, would be accelerated by the electric field and the inverse piezoelectric effect, and could 
potentially be the starting point of device degradation
28
.  A schematic for their theory is shown in 
Figure 13.  They suggest several ways diffusion can start and assist in degradation: diffusion 
along dislocations located near the drain side edge of the gate, and diffusion enhanced by the 
inverse piezoelectric effect increasing strain in the AlGaN layer ultimately leading to defects and 
decreased electrical performance
28
. 
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Figure 12: TEM images of 3 stressed AlGaN/GaN HEMTs; the damage in all three devices is found at the drain 
side edge of the gate, the right side in these images.  The first image (a) shows the formation of pits, (b) shows the 
formation of a crack and (c) shows the extreme case where gate metal has begun to diffuse into a crack formed 
from bias5. 
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Figure 13: Schematic showing three possible degradation mechanisms associated with diffusion in AlGaN/GaN 
HEMTs: (a) diffusion along dislocations, (b) diffusion enhanced by the inverse piezoelectric effect and (c) pit or 
crack formation following a diffusion process28. 
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In summary, the reliability of AlGaN/GaN HEMTs has been an intensely studied subject 
among researchers, but as of yet the problems preventing AlGaN/GaN HEMTs from fully 
integrating into RF power applications are only partially understood.  The main theory behind 
AlGaN/GaN HEMT RF degradation is that it is electric field driven and that this field produces a 
mechanical stress throughout the AlGaN layer due to the inverse piezoelectric effect
19–21
.  There 
is a critical voltage above which irreversible degradation begins to occur, which is analogous to 
the AlGaN layer experiencing a critical mechanical stress above which it must form dislocations 
to accommodate itself.  The highest field area, the drain side edge of the gate, is the area that 
experiences the greatest mechanical stresses and has been found to form pits and cracks after 
use
2,5,6
.  In addition to the electric field, thermally activated processes such as diffusion are also 
capable to causing device degradation during high voltage use
28
.  Although several theories have 
been purposed, questions still remain and there is still much work to be done in order to improve 
device efficiency and reliability.      
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Motivation  
 
 It is clear that the degradation of AlGaN/GaN HEMTs is a result of multiple mechanisms.  
From a materials perspective it is most advantageous to study the physical degradation of these 
electronic devices.  During high voltage and high frequency operation AlGaN/GaN HEMTs 
experience irreversible degradation in their electronic properties, and this degradation has been 
attributed to physical degradation of the device
1–7
.  A combination of luminescence and 
transmission electron microscopy (TEM) studies has begun to elucidate the understanding of this 
phenomena and its correlation to the inverse piezoelectric effect
5,6
.  However, one major lapse in 
these reported TEM analysis is the lack of quantitative correlation of electrical degradation to 
structural changes in stressed AlGaN/GaN HEMTs.  By performing HRTEM imaging and taking 
advantage of the phase information within a bright field TEM image a higher resolution and 
greater quantitative understanding of the degradation of AlGaN/GaN HEMTs can be achieved.  
Establishing the ability to reproducibly perform HRTEM and quantitative analysis on 
AlGaN/GaN HEMTs of varying amount of bias is only the first step on the road toward to the 
ultimate over arcing goal of TEM analysis on modern HEMT devices.  The ultimate goal is to 
perform in-situ TEM and simultaneously stress a device in real conditions while observing it 
change within the microscope, still there is a multitude of ground work that still needs to be laid 
to make this a reality.  
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Specific Goals 
 
-Establish technique for creating cross sections of an AlGaN/GaN HEMT capable of HREM 
imaging via focused ion beam (FIB) lift out.   
-Attempt to understand the role of the AlGaN/GaN interface in terms of the strain and defect 
density present in the unbiased state. 
-Analyze several devices after various stress states to gain understanding of the evolution of these 
device during prolonged use. 
-Lay the ground work for future studies involving In situ TEM biasing of AlGaN/GaN HEMTs. 
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Experimental Techniques 
 
 There are two primary characterization methods used in this research, dual beam 
scanning electron microscopy/focused ion beam (SEM/FIB) and transmission electron 
microscopy (TEM).  The purpose of this section is to justify and explain the basis for the use of 
these types of characterization in this study.  FIB is the primary sample preparation tool, while 
TEM is the primary analyzing tool.  Understanding the science behind both of these techniques is 
vital to properly analyzing the results obtained by them. 
Focused Ion Beam 
 
 Focused Ion Beam (FIB) technology was pioneered in the late 1960s and 1970s, and first 
commercialized in the 1980s
48
.  The need for FIB technology was born out of the semiconductor 
industry and its need to characterize, and not only image, objects that are too small to be analyzed 
via conventional visible light microscopy.  In essence, FIB combines the high resolution imaging 
capabilities of scanning electron microscopy (SEM) with the added ability of a precision 
machining tool to manipulate a sample in numerous ways
48
.  The primary interest in FIB 
represented here is the ability of FIB to do an in situ lift out technique to prepare samples for 
transmission electron microscopy (TEM). 
A diagram showing a typical dual beam SEM/FIB is shown in Figure 14.  The FIB part of 
a dual beam system begins with a liquid metal ion source (LMIS)
49
.  There are several different 
metals available for use in a LMIS, but by far the most commonly used metal is Ga.  Ga is a 
medium atomic weight metal, has a low melting temperature (29.8 °C), a low vapor pressure,  
and does not overlap with many elements in an energy-dispersive x-ray spectra (EDS)
49
.  In a 
LMIS emission occurs when liquid Ga wets a W needle and, under a large applied electric field 
(10
8
 V/cm), is shaped into a Taylor cone with a diameter around 2 nm.  The extractor then applies 
27 
 
a voltage that pulls Ga atoms away from the Taylor cone and ionizes them.  In most FIBs the 
extractor voltage is set to a specific value, typically 12kV, and the suppressor voltage is varied in 
order to achieve the desired emission current, which is typically 1-3μA.  After leaving the LMIS 
the ions are accelerated through a potential through the ion column, the potential of this column is 
the accelerating voltage set by the user.  Within the column the ion beam travels through 
condenser and objective lens which focuses the beam, and an aperture which defines the specific 
beam current that the user will use.  Finally the ion beam travels through an octopole, which is 
fine tuned to improve the alignment and reduce stigmation, and interact with a sample
48
.  In 
addition to the ion column, many dual beam systems are highly modular.  FIB systems commonly 
include a micromanipulator probe for sample manipulation and several gas injection systems to 
etch and deposit a variety of materials.  
 
 
Figure 14: Typical schematic of the configuration of a dual beam SEM/FIB system.   The angle between the FIB 
and SEM is typically 52 degrees48. 
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FIB in practice works very similarly to a SEM, in FIB a focused beam of ions is rastered 
over a surface and the corresponding ion interactions with the surface produce secondary 
electrons, among other things, that can be used to create an image.  The main advantage of using 
FIB is that rather than using electrons FIB uses heavy ions, this brings about several important 
advantages to FIB, but also results in several cautionary drawbacks.  Directly comparing ions and 
electrons, ions are, on average, 20,000 times larger and 130,000 times more massive than 
electrons, and under the same accelerating voltage ions move three orders of magnitude slower 
but move with 360 times greater momentum
48
.  Due to their large size ions to not penetrate 
samples as readily as electrons and typically their penetration depth is between 5-20% of that of 
electrons depending on the atomic number of the sample
48
.   Unlike an electron-material 
interaction an ion-material interaction releases much more energy, and this energy results in 
ionization of the surface atoms and breaks the bonds between these atoms; as a result FIB is 
inherently destructive
48
.  It is precisely the destructive capabilities of the FIB that make it so 
valuable, and this is the reason that many modern FIBs are dual beam SEM/FIBs to allow the 
SEM to perform imaging that does not alter the sample, and to use the FIB in order to manipulate 
the sample. 
In addition to imaging, there are three more main functions of a FIB: implantation, 
milling and deposition
48
.  Implantation is specifically mentioned to reinforce that any use of an 
ion beam on a sample will irreversibly damage it, and any material that is surface sensitive 
warrants extra caution in a FIB approach.  When the ion beam is continuously focused and 
rastered on a specific area of a material it will begin to mill that material away, sputtering it 
predominantly in the direction of the raster.  In addition if, during the milling process, a gas 
injection system (GIS) is used to adsorb gas molecules, commonly containing a metal, to the 
surface that is being milled the interaction of the ion beam with the adsorbed gas will cause the 
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metal to be deposited on the sample.  Depending on the specific parameters of the ion beam, the 
common composition of metal deposited using a GIS and FIB is 70% metal, and 30% ions and 
impurities
48
.  The combination of milling and deposition allows FIB to create nearly any kind of 
structure imaginable, the only limitations being the ion optics and creativity of the user.   
 The combination of high resolution imaging and the ability to precisely machine samples 
well below the limits of visible light allow FIB to fill a niche that no other instrument has been 
able to fill.  The largest advantage FIB has is its site specific nature.  FIB can mill through a 
sample to reveal a cross sectional area for high resolution SEM imaging and, with the addition of 
a micromanipulator, FIB can perform in situ lift outs for TEM imaging.  Unlike manual sample 
preparation, FIB sample preparation only damages a very small, 10s of microns, area of a sample 
and can target specific areas that are well under a micron in size.  This allows FIB to select small 
areas of interest, remove and subsequently thin them to electron transparency for further analysis 
in TEM. 
Transmission Electron Microscopy 
 
The transmission electron microscope (TEM) was initially developed in the 1930s and 
was first sold commercially in the late 1930s and 1940s
50
.  The 1950s saw a revolution in sample 
preparation and the introduction of the theory of diffraction contrast in TEM
50
.  Since its 
inception, the TEM has become an incredibility power characterization tool.  TEM combines high 
spatial and analytical resolution.  The resulting data can be quantitatively analyzed to understand 
very fine details of a material such as atomic structure, crystal orientation or chemical analysis. 
There are essentially three main components to a TEM: the illumination system, the 
objective lenses and sample stage, and the imaging system
50
.  A simple diagram of the electron 
beam path in a TEM is shown in Figure 15.  The illumination system consists of the electron 
source and several condenser lenses and a condenser aperture.  There are two primary ways of 
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operating the illumination system, parallel or convergent beam mode.  The main mode of 
illumination used in this study will be parallel beam mode, wherein the condenser lenses deflect 
the beam in order to produce a parallel beam whose intensity is limited by the selected condenser 
aperture.  After the passing through the condenser aperture the electron beam passes through the 
particular sample that is within the microscope.  Beneath the sample the next thing the electron 
beam passes through is the objective lens.  The objective lens uses the electrons that come out of 
the sample to form a diffraction pattern in the back-focal plane and an image in the image plane.  
Typically when a user wants to create a diffraction pattern, they insert a selected area aperture 
into the image plane of the objective lens; similarly a user must insert the objective aperture in 
order to form an image in the image plane.  The final area the electron beam passes through is the 
imaging system.  The purpose of this area is to magnify and project the image or diffraction 
pattern observed earlier in the electron beams path.  The final area the electron beam interacts 
with in the phosphor screen, or a CCD camera, this is the area where the user can actually observe 
the electron beam and see the image or diffraction pattern that was taken.  In bright field imaging 
the contrast seen in an image is directly related to diffraction contrast which is the variation of the 
intensity of diffraction throughout an image.   
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Figure 15: Simple schematic diagram of the path of the electron beam in a transmission electron microscope 
operated in bright field mode51. 
 
 In addition to diffraction contrast imaging, another driving force for the use of TEM in 
this study comes from the analysis method known as Geometric Phase Analysis (GPA).  GPA 
was developed in the 1990s by Martin Hÿtch
52,53
.  GPA is a technique that takes advantage of 
image analysis and Fourier image filtering to produce a phase map from a high resolution bright 
field TEM image.  GPA works off the principal that high resolution TEM images contain lattice 
fringes that are closely related to atomic planes, and if these atomic planes are distributed 
throughout a periodic lattice any deviation in the spacing or contrast of the lattice fringes seen 
corresponds to a real displacement in the material.  A figure to facilitate the understanding of 
displacement is shown in Figure 16.  In each TEM image an area is shown to represent the perfect 
lattice and is defined as a reference point for displacement, this adds an extra layer of complexity 
to GPA because the quality of this area affects the entire phase map.  An example of phase 
analysis is shown in Figure 17.  The first step in GPA is to pick a spot on the Fast Fourier 
Transform (FFT) that corresponds to a particular set of planes.  The masked spot is then 
processed to produce a phase map.  The resulting phase map can be directly correlated with strain.  
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In particular GPA is very useful for understanding the strain field around a dislocation or crack in 
a material, an example of which is shown in Figure 18.  GPA is quantitative and qualitative way 
to take a high resolution bright field TEM image and compute a strain map for it.   
 
 
Figure 16:  Diagram describing the principle of displacement measurements.  The lattice fringes (shown in blue) 
are shown within respect to a perfect reference lattice (dotted lines).  The deviation of the lattice spacing is 
determined by taking the derivative of the displacement field54. 
 
Figure 17:  Steps of phase analysis of Cu3Al HRTEM image:  (A) shows a HRTEM image in [001] orientation, 
(B) shows a FFT and shows the [100] spot masked for phase analysis, (C) is the inverse-FFT showing [100] 
lattice fringes, (D) shows the phase of [100] lattice fringes.  The change of π indicates that there is a displacement 
of half a lattice spacing, i.e. there is a dislocation in the image54. 
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Figure 18:  Left, pure-edge dislocation in Si taken at [110] orientation with inlet FFT showing the [111] spot 
masked.  Right computed strain field around the pure edge dislocation.  Take note of the discontinuity seen in 
the center of each image.  The colors range from blue and green to orange and yellow, they correspond to 
compressive and tensile strain respectively 54. 
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Experimental Procedure 
 
The first set of AlGaN/GaN HEMTs used in this thesis were provided by Huili Xing’s 
group from the Department of Electrical Engineering at Notre Dame University.  The structure of 
these devices consists of, from the bottom up, a sapphire substrate, ~2μm thick GaN buffer layer, 
followed by a 19nm thick Al0.28Ga0.72N layer with a 3nm GaN layer on top.  The structure was 
passivated with a 10nm blanket of silicon nitride.  The devices, all located on a single chip, were 
stressed at several different parameters, shown in table 1, by the Xing group and shipped to 
Drexel University for further analysis.  These devices were employed in the “Analysis of 
AlGaN/GaN HEMT degradation: Evolution of Strain in the AlGaN layer due to different stress 
conditions” section. 
 
Table 2:  Stress conditions of devices received from the Xing Group. 
Sample  Vd (volts) Vg (volts) Time (seconds) 
1 10 2.5 600 
2 15 2.5 6000 
3 
 
Not stressed 
 
 
 The second set of devices used in this thesis were supplied by the Office of Naval 
Research through code 312”Electronics, Sensors, and Network Research,” under contract number 
ONR- N00014-11-1-0296 (Program Manager Daniel Green).  David Meyer and Steve Binari of 
the Naval Research Laboratory in Washington DC provided the AlGaN/GaN HEMT devices.  
The structure of this set of devices is similar to the first except the GaN buffer layer is only ~1μm 
thick and the Al0.3Ga0.7N layer is 25nm thick.  These devices were employed in the “Preparation 
for In-situ TEM analysis of AlGaN/GaN HEMTs” section. 
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Sample preparation  
 
 Prior to preparation in FIB, the chip containing the HEMTs was mounted on a SEM stub 
with silver paint and coated with a thin layer of sputtered carbon to reduce charging, although 
charging effects were never eliminated, as shown in Figure 19.  In order to compensate for the 
drifting effect 2 calibration cuts were performed after each stage move to ensure drift of the I-
beam would not destroy the sample.  All FIB milling and SEM imaging were performed in a FEI 
Strata DB235 dual beam system located in Drexel Universities Centralized Research Facilities.  A 
low magnification image of the entire HEMT device is shown in Figure 20.  In order to protect 
the device during FIB milling GIS assisted Pt was deposited over the devices using a 5kV e-beam 
and a very small spot size to maximize the current density of the e-beam and the deposition speed 
of the Pt, as seen in Figure 21(a).  This step is not commonly done in a lift out but is necessary in 
this case due to the very sensitive nature of the surface of AlGaN/GaN HEMTs.  Early lift outs 
were done using only I-beam deposited Pt and the resulting lift outs were completely amorphous 
throughout the AlGaN layer.  This effect has also been seen and well documented by other groups 
working on AlGaN/GaN HEMTs
55
.  Afterwards the rest of the lift-out area is patterned with GIS 
assisted Pt using a 30kV I-beam to protect it during milling, shown in Figure 21(b).   After the Pt 
deposition the lift out proceeds normally.  First two trenches are milled at 5nA, followed by a 
cleanup and undercut done at 1nA, Figure 21 (c).  Next an Omniprobe is brought down on top of 
the lift out, is welded and the lift out is then cut free.  The Omniprobe is then moved to an 
Omnigrid, where the sample is welded to the grid using GIS Pt and the Omniprobe is cut free, 
Figure 21(d).  With the lift out secure, the sample is thinned to ~200nm thick using a 30kV I-
beam at 100pA, and then polished to electron transparency using 5kV I-beam at 50pA at a tilt of 
±1.5°, Figure 21(e) and (f). 
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Figure 19: Effects of drift when milling at different I-beam currents on chip containing AlGaN/GaN HEMTs 
after sample preparation to prevent charging.  The box on the left was milled using a 7nA current and the box 
on the right was milled using a 5nA current.  Drift can be seen as the geometrically shaped change in contrast 
near the milled boxes.  Note how I-beam drift was not eliminated after sample preparation. 
 
Figure 20: Low magnification SEM image of AlGaN/GaN HEMT studied.  The specific device analyzed is boxed 
and labeled as “B” on the chip. 
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Figure 21: Set of images detailing the overview of the typical lift out procedure used on AlGaN/GaN HEMTs in 
this thesis. (A) Showing e-beam deposition of Pt to protect the area of interest, (b) showing I-beam deposition of 
Pt to protect the entire lift out area, (c) image during lift out showing two calibration cuts and two trenches 
milled into the sample, (d) lift out welded to Omnigrid post, (e) lift out pre-thinning, (f) thinned lift out, the inset 
shows a higher magnification image of the drain side of the gate ready for TEM analysis. 
 
A B 
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Analysis of AlGaN/GaN HEMT degradation: Evolution of Strain in the AlGaN 
layer due to different stress conditions. 
 
AlGaN/GaN high electron mobility transistors (HEMTs) have numerous potential 
applications in high-power and high-frequency devices
11
. Unfortunately, high power operating 
conditions result in unpredictable and catastrophic device degradation
2
. Various techniques have 
been used to detect and study the degradation mechanism  of these devices such as 
cathodoluminescence spectroscopy 
56
, atomic force microscopy 
4
 and transmission electron 
microscopy (TEM)
5
. One major advantage of studying failure mechanisms using TEM, compared 
to the aforementioned techniques, is the ability to detect the formation of pits and cracks beneath 
the gate and correlate their geometry change to the biasing duration
6
. Although theoretical 
calculations on off-state devices have proposed the inverse piezoelectric effect as the major cause 
of the formation of cracks, no quantitative correlation between its effect, during on-state 
conditions and combined with the temperature effect, are reported
57
.  
The two-dimensional electron gas (2DEG) at the AlGaN/GaN interface consists of a 
confined layer of high density and highly mobile electrons.  Simulation studies
58,59
illustrated that 
upon high power operating conditions the temperatures in these devices can reach up to 240ºc. 
However, no evidence of physical degradation due to formation of traps and structural distortion 
is provided in these studies. TEM observations have only confirmed the formation of pit-like 
defects and cracks, based on the level of applied stress, on the drain side of the gate 
4,6
. Therefore, 
quantitative analysis on evolutions of defects and piezoelectric polarization is needed to further 
understand the failure mechanisms of these devices. 
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Figure 22: Upper set of image shows the plots of degradation of drain current of sample #1 and #2, 600s and 
6000s biased, respectively. Lower set of images represent the transfer plots of both samples. 
 
 Figure 22 shows the degradation and transfer plots for samples 1 and 2, bias conditions 
shown in Table 2.  In order to study the degradation of these devices cross sectional TEM 
samples were prepared via FIB as shown previously.  Next, samples were analyzed using a 
double tilt holder inside the TEM, a JEOL JEM2100, operated at 200 kV.  To minimize the 
electron beam damage in the TEM, the beam was spread out and small apertures were used. 
Furthermore, to enhance the resolution of the high-resolution images, the TEM was aligned using 
the alpha 1 selector which results in a narrow parallel beam with a small convergence angle 
thereby providing a better imaging condition.  
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Geometric phase analysis (GPA) was used to quantify the strain evolution in the AlGaN 
layer under the drain side edge of the gate.  GPA is a technique that takes advantage of image 
analysis and Fourier image filtering to produce a phase map from a high resolution bright field 
TEM image. By using this method, strain maps can be generated in several directions, namely, 
perpendicular and parallel to the interface of AlGaN/GaN. Therefore, one can measure the 
amount and type of the strain in the AlGaN layer with respect to that of the GaN bulk.   
Figure 23 (a) and (b) represent dark-field (DF) TEM images of the pristine, unstressed, 
sample on both sides of the gate.  One can distinguish the AlGaN layer underneath the gate metal, 
as well as lines of threading dislocations which formed during the growth procedure. Figure 23 
(c) displays the bright-field high-resolution (HR) TEM image of the AlGaN/GaN interface under 
the gate, along with the corresponding diffraction pattern in the inset. The thickness of the AlGaN 
layer is measured 18nm. Based on the HRTEM image shown in Figure 23 (c), using the GPA 
analysis, strain mapping of the AlGaN layer as to compared to the GaN bulk is shown in Figure 
23 (d) and (e), perpendicular and parallel to the interface, respectively. One can measure that the 
AlGaN layer is under compression strain of 1.7% perpendicular to the interface, Figure 23 (d), 
and tensile strain of 0.7% parallel to its interface with GaN bulk. These strain values, which are 
created due to the lattice mismatch between AlGaN and GaN structures, are in good agreement 
with reported results on the pre-existing strain in the AlGaN layer obtained by different 
techniques
60
.    
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Figure 23: (a) and (b) represent the DF-TEM images of the pristine sample on both sides of the gate, source and 
drain sides, respectively. (c) shows the HRTEM image of the AlGaN/GaN interface under the gate metal. The 
corresponding DP is shown in the inset. (d) and (e) illustrate the strain mapping of the AlGaN layer compared to 
that of the GaN bulk, perpendicular and parallel to the interface respectively. 
 
Figure 24 represents TEM images and analysis of sample #1. In comparison to the 
pristine sample, DF-TEM images, shown in Figure 24 (a) and (b), clearly illustrate physical 
damage on the drain side of the gate, as indicated by the red dotted arc. Figure 24 (c) represents 
the HRTEM image of that indicated region which further revealed the appearance of high density 
strain concentrated spots, as indicated by arrows and seen as contrast in the image. These 
localized strained regions are thought to be responsible for the trapping of charges at the 
AlGaN/GaN interface as well as in the GaN bulk. Strain mapping results based on GPA 
calculations are shown in two directions of perpendicular and parallel to the interface, in Figure 
24 (d) (e), respectively. Our measurements revealed that both pre-existing strain components in 
the AlGaN layer, dropped to -1.5% and +0.3% in case of sample #1.  
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Figure 24: (a) and (b) represent the DF-TEM images, of sample #1, of the edge of the gate on source and drain 
sides, respectively. Dotted arc in (b) indicates the region of physical damage which is not observed in the pristine 
sample. (c) shows BF-TEM image of the drain side of the gate.  Formation of localized strain areas at the 
AlGaN/GaN interface and the GaN bulk are indicated by white arrows. (d) and (e) illustrate the strain mapping 
of the AlGaN layer perpendicular and parallel to the interface, respectively. 
 
Figure 25 represents the structural evolution of a similar sample, sample #2, after a longer 
biasing duration of 6000s. As can be seen in the DF-TEM image, compared to those of the 600s 
biased sample, the area of physical damaged is extended further into the GaN bulk. One can 
measure increase in the depth of damage from ~260nm, in case of 600s biased sample, to ~310nm, 
in case of 6000s biased sample, approximately. The entire damaged region was measured in these 
DF images and the area of the damaged region increases from 0.1 µm
2 
to 0.2µm
2
 when looking at 
samples #1 and #2, respectively. It has been demonstrated by simulation
46
 results that, due to the 
electric field, the depletion region extends not only into the GaN bulk but also toward the drain 
contact, this may explain the shape of the damaged region.    
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Figure 25: (a) and (b) DF-TEM images of source and drain side of the gate of sample #2 are shown, respectively. 
Dotted arc indicates the extension of physical degraded region. (c) BF-TEM image of the dotted region in (b) 
shows in more detail presence of localized strained spots. (d) and (e) illustrate the strain mapping of the drain 
side of the gate perpendicular and parallel to the interface, respectively.  It should be noted that the images in 
(d) and (e) are taken from areas close to the AlGaN/GaN interface and not the entire image shown in (c). 
 
BF-TEM image, Figure 25 (c), shows the generation of larger number of localized strain 
spots at the interface of AlGaN/GaN and also in the GaN bulk. Moreover, similar GPA 
calculations showed that strain components, compared to the 600s biased sample, were increased 
to -1.8% and +0.4%, perpendicular and parallel to the AlGaN/GaN interface, respectively. 
Compared to the pristine sample, the compressive component was slightly increased, 0.1%, but 
the tensile component was decreased from 0.7 to 0.4%. This stress relaxation phenomenon can be 
interpreted as a result of defect generation. Formation of impurity defects and vacancies in nitride 
semiconductors upon electric field application are well documented
61
. Various studies provided 
data on the location of the defects
56
 as well as their depth, which are in strong agreement with our 
observation. It has also been shown that hot electrons are responsible for the degradation process 
and they can be injected toward the AlGaN layer and remained trapped
62
. HRTEM images shown 
in this study confirmed the lattice distortion and localized strain spots in the GaN bulk and 
AlGaN interface as a result of this phenomenon.  
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Figure 26: (a) Displays HRTEM of the 6000s sample beneath the gate where a crack, as shown by arrow, was 
observed. (b) Illustrates tensile component of the GPA analysis of area shown in (a). (c) Shows the profile of the 
dotted box shown in (b) on top of the crack. 
 
Upon further investigation of sample #2, formation of a crack was observed under the 
gate, as shown in Figure 26 (a). The tensile component of GPA analysis of this region is 
illustrated in Figure 26 (b), and stress concentration at the tip of crack can be seen. Profile of the 
strain at the tip of this crack, as shown in Figure 26 (c), shows relatively higher strain than that of 
the overall AlGaN layer, which was 0.4%. Therefore, propagation of this crack is facilitated at 
lower strain level. Meanwhile, emission of dislocations at the tip of crack can take place which 
further encourages stress relaxation. Moreover, it is shown by electron energy loss spectroscopy 
that gate metal can diffuse into the AlGaN layer
63
 and in our case, the diffusion of impurities can 
be enhanced by presence of a crack. Note, enhanced diffusion due to strain and formation of pits 
are proposed to be two of the major factors in the degradation process
28
.  
Based on the strain measurements on the pristine and biased samples, one can calculate 
the evolution of spontaneous and piezoelectric polarization in this study.  Following equations 
obtained by Ambacher et al,
21
 piezoelectric constants are    =0.9344 C/m
2
,    =-0.5208 C/m
2
. 
Therefore, spontaneous polarization in the pristine sample is calculated as PSP= -0.04356 C/m
2
, 
and piezoelectric polarization for 600s and 6000s samples are calculated to decrease to -0.0231 
C/m
2
 and -0.0207 C/m
2
, respectively. In another words, during the stress test the piezoelectric 
polarization in these devices is degrading which, as discussed earlier, is due to generation and 
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increase in the density of defects which lead to relaxation in the AlGaN/GaN heterostructure, 
ultimately leading to decreased performance. This is in good agreement with reported results 
reported by Yu et al
19
, where they observed reduction in piezoelectric polarization of AlGaN 
upon strain relaxation and possible formation of defects.   
In summary, this study quantified the evolution of strain and role of defects under biasing. 
Our experiments demonstrated relaxations of tensile strain as a result of defect generation which 
leads to degradation of piezoelectric polarization. Formation of crack beneath the gate was 
observed and stress concentration at the tip of the crack was measured. Based on these results it 
can be suggested that deposition of cap layer with a pre-existing compressive stress will delay 
crack formation.      
Preparation for In-situ TEM analysis of AlGaN/GaN HEMTs 
 
It is clear that degradation events take place within AlGaN/GaN HEMTs during bias.  
Our study using GPA on stressed AlGaN/GaN HEMTs show that TEM is a valuable high 
resolution characterization technique that can be used to analyze the microstructural changes that 
take place in these devices.  In order to better understand the evolution of mechanical stress in 
AlGaN/GaN HEMTs, it would be advantageous to perform in-situ TEM and directly observe the 
degradation of these devices under an applied bias.  The results of this experiment would provide 
a full picture of the degradation of an AlGaN/GaN HEMT, from initiation of a crack, to the 
depletion of the 2DEG and failure of the device.  Unfortunately biasing a three terminal device 
using in-situ TEM is not straight forward and a very complex task.  The preceding section 
describes the preliminary results and thought process towards performing in-situ TEM on an 
AlGaN/GaN HEMT. 
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Before talking about the experimental work on designing a AlGaN/GaN HEMT in-situ 
TEM sample, it is advantageous to perform a thought experiment on the requirements that a 
sample must have in order for the experiment to be a success.   
The sample must: 
 Be in cross section 
 Contain the entire device 
 Be able to have electrodes connected to it 
 Be thin enough for imaging in the TEM in the areas of interest 
 Be positioned within the path of the electron beam in the TEM 
Individually these requirements may seem simple enough, but taken all together they present a 
considerable task.  Creating a lift out in cross section is simple, that is how all of the lift outs have 
been created thus far.  Containing the entire device is also a simple problem, the lift out just needs 
to be made larger.  Typical lift outs are 20μm by 3μm, but increasing this size to 40 or 50μm by 
5μm should be sufficient to create a large enough lift out that will be able to accommodate the 
entire device.   
The next requirements are where the difficulty arises, HEMTs are three terminal devices 
with a source, gate and drain, and all three need to be controlled in order for the device to be 
stressed.  In bulk, devices are manufactured with large pads where electrical contacts can be made 
but after performing a lift out on a HEMT device there is a very small amount of area left to work 
with.  Due to the small size all further manipulation of the device must be done with the aid of 
microscopy, preferably with SEM due to the limits of visible light microscopy.  Logically the 
easiest solution would be to use e-beam deposited Pt in the FIB to make connections between the 
three terminals, but if Pt is used as both a protective coating and the electrical contacts, the device 
will be shorted out and not operate.  To attempt to remedy this issue it is easiest to find a different 
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material to be the sacrificial protection layer, in particular a non-conductive layer would be 
desired, and to only use Pt as electrical connections.  FIB deposited Pt has been shown to be 
electrically conductive and has been used to fabricate devices in the FIB in the past
64
.   
Several different methods were tested in order to assess the viability of depositing a new 
protective and no-conductive layer above the AlGaN/GaN HEMTs.  The general idea with the 
three methods shown here was to develop a way to lay down a layer over the devices and then 
perform a normal lift out on the device, then afterwards use a technique to remove the protective 
layer over the device to reveal the source, gate and drain to allow them to be connected.  The first 
two attempts employed table salt and Sharpie® marker, respectively.  It suffices to say that both 
of these attempts were unsuccessful.  Both methods had unpredictable deposition and caused an 
incredibly large amount of ion beam drift, so much so that it was impossible to make a lift out 
using them. 
The last, and arguably, most successful method employed carbon deposition.  The carbon 
was deposited using a Cressington Carbon Coater.  After several test runs it was determined that 
the rate of deposition was about 1nm per second.  After approximately 250 seconds of deposition 
the carbon layer would begin to crack and flake, so to avoid this, an overall time of 210 seconds 
of deposition was chosen.  The results of the carbon coating on a Si test chip are shown in Figure 
27 (a).  Carbon can be cleaned off of a surface with the use of a plasma cleaner
65
, this was done at 
a power of 18.5W in a mixture of O2/Ar for 10 minutes, shown in Figure 27 (b). 
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Figure 27: (a) Ion image, to enhance contrast, showing an area of carbon deposition on a Si chip with a pseudo-
lift out created in the middle of the deposition.  210 seconds was milled into the sample to ensure that the area 
could be returned to after plasma cleaning. (b) secondary electron image showing the same area after plasma 
cleaning, note that all of the carbon has been removed. 
 
The carbon deposition on AlGaN/GaN HEMTs is shown in Figure 28.  The chip was 
masked using aluminum foil, a hole was made in the mask using the tip of a pair of tweezers and 
the mask was positioned over a specific device with the use of a stereoscope.  After deposition, 
lift outs were made in order to determine the whether or not the carbon coating would be stable 
enough to withstand the lift out process and subsequent plasma cleaning.  It can be seen, in Figure 
29, that the carbon coating is robust enough to withstand the lift out process.   Unfortunately, 
attempting to plasma clean the carbon coating off of an individual lift out proved ineffective.  
Figure 30 shows a lift out before and after 30 minutes of plasma cleaning.  Unlike the Si test 
sample cleaning carbon off of a lift out with plasma cleaning is not possible.  The geometry of the 
lift out inhibits the flow of gas in the plasma cleaner and the Ga-ion damage from the ion beam 
seems to have damaged the carbon coating enough that it is not easily removed.  As a result only 
a small amount of the carbon coating has detached itself from the lift out.  The plasma cleaning 
was also found to remove the passivation layer from the lift outs as well, as seen in Figure 31, 
making it an altogether ineffective way to protect a lift out.  
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Figure 28: Schematic depicting the carbon deposition process.  Starting in the upper right, the masked chip 
containing AlGaN/GaN HEMTs was carbon coated, and later the coated area was imaged in the FIB, the blue 
box indicates the AlGaN/GaN HEMTs that the mask was positioned over.  The carbon coating can be seen as the 
ring of contrast in the SEM image. 
 
 
Figure 29: Lift out showing the gate region of an AlGaN/GaN HEMT with carbon protecting the device.  The 
carbon coating was measured to be around 200nm thick. 
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Figure 30: Result of plasma cleaning a carbon coated lift out.  The top image is before plasma cleaning, and the 
bottom image is after 30 minutes of plasma cleaning. 
 
 
Figure 31: TEM image of the same sample, shown in Figure 30, showing the carbon and passivation layer 
peeling off the lift out. 
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All three attempts to create a sacrificial protective layer that can be removed after 
performing a lift out were unsuccessful.  The ability to remove the protective layer after lifting 
out may have been the critical factor in the failure of these attempts.  Future attempts are planned 
using a protective, and non-removable, MgO layer deposited by electron beam lithography.  The 
methodology being that the MgO layer will isolate the source, gate and drain, and then the ion 
beam can be used to drill into the device and then deposit Pt electrodes in the resulting holes 
thereby making the electrical connections.  A schematic of this procedure is shown in Figure 32. 
The final two requirements of a bias-able lift out are the most complicating of all the 
requirements.  As previously stated the most interesting area of an AlGaN/GaN HEMT is the 
AlGaN layer beneath the gate, as this is the area of the highest stresses and fields during operation.  
In order to image and analyze this area in TEM the thickness of this region must be 200nm or less.  
The complexity arises when the gate region above the AlGaN layer must also be connected to an 
electrode in addition to being so thin.  Logically, thinning the region of interest to electron 
transparency first makes the most sense, but that leaves an incredibly small area, 1μm by >200nm 
by 500nm, where an electrical contact must be made.  A compromise can be made in which only 
half of the gate, the drain side half, is thinning to electron transparency, while the other half is left 
thick enough, ~1μm or more, to allow for an electrical contact to be made.  Figure 33 shows a 
preliminary attempt to create a lift out in this geometry.  This geometry may facilitate wiring the 
device for stressing, but will also complicate the resulting device behavior; any non-uniformity in 
the surface of the cross sectional lift out can be a path for leakage and in addition the extra 
surface area could allow the device to arc in cross section, which could cause a major degradation 
event that is not due to normal device operation. 
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Figure 32: Schematic of future work planned with regard to making electrical contacts on a lift out of an 
AlGaN/GaN HEMT.  In the top image a protective MgO layer has been deposited over a HEMT device, 
protecting it during lift out.  In the middle image a hole has been milled into the MgO layer over each of the 
contracts, revealing them.  In the bottom image, Pt wires have been deposited within the holes and can be 
connected to a source to stress the device. 
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Figure 33: Test sample showing proposed lift out design enabling half of the gate to be electron transparent, 
while still keeping the other half thick enough to make an electrical contact.  Source to drain distance in the 
images shown is 5μm, and is pointed out with two thin black lines. 
 
In addition to the thickness requirements, the sample must be able to be placed within the 
path of the electron beam in TEM.  As a requisite this must be considered in the context of all the 
other requirements, because wherever the lift out is placed it must be in an area where the 
electron beam in the TEM can pass through it without being distorted.  Initial attempts were made 
to position the lift out on the top of one of the posts on an Omnigrid, as shown in Figure 34.  
After some practice placing a lift out in this position became trivial, however, the next step of 
positioning the Omnigrid in such a way that the lift out is within the path of the electron beam 
and at the same time wired for bias is a difficult task.  The first attempt consisted of gluing the 
Omnigrid down on top of a SiN aperture grid, as shown in Figure 35.  While this setup appears 
very promising, the space between the lift out and aperture grid is empty.  Therefore, in order to 
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wire the device, Pt wires must be grown out of the lift out towards the aperture grid.  After 
several attempts, the most common result obtained is shown in Figure 36.  The pillars were grown 
using the E-beam which, unlike the I-beam, will not damage the sample but will take much more 
time to deposit.  Due to the greater time of deposition, stage drift was by far the greatest obstacle 
in attempting to grow Pt pillars, and ultimately is the reason this approach failed.  Future work 
will include positioning a lift out on a thin SiN window, rather than over empty space, to remove 
the need of growing wires out of a lift out. Furthermore, taking advantage of the MgO mask, 
electrodes can be deposited off of the Pt wires already attached to the source, gate and drain.   
 
 
Figure 34: Schematic showing positioning of lift out on the top post of an Omnigrid.  
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Figure 35: Omnigrid with a lift out positioned on the top and in the middle of the center post.  The Omnigrid 
was glued to an aperture grid with a distance ~10μm between the lift out and aperture grid. 
 
 
Figure 36:  Common result seen when attempting to grow Pt pillars out of the top of a lift out.  Total deposition 
time for this pillar was ~50 minutes.  The odd looking morphology of the pillar is due to sample drift. 
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Although much preliminary work has been conducted, there are still several hurdles left 
to overcome to make in-situ TEM biasing of an AlGaN/GaN HEMT a reality.  The biggest 
difficulty that remains is how to go about positioning the lift out within the path of the electron 
beam in the TEM, simultaneously having a sample thin enough to image yet thick enough to 
make an electrical contact to.   
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Conclusion and Future Work 
 
 
 AlGaN/GaN HEMTs represent the future of high power and high frequency microwave 
devices.  Although they exhibit great properties they are plagued by poor reliability and 
unpredictable failure.  In order to contribute to the greater understanding of the degradation of 
AlGaN/GaN HEMTs we performed Geometric Phase Analysis, for the first time on these devices, 
and were able to successfully quantify the strain and evolution of strain in these devices at various 
states of stress.  The strain in the AlGaN layer was found to decrease with the longer the device 
was operated.  This can be attributed to defect formation within the AlGaN layer that decreases 
the piezoelectric polarization of the AlGaN layer and contributes to device degradation.   
It is clear that the areas under the drain side edge of the gate, the areas where the highest 
fields and temperatures are found, physically degrade during high power operation.  In order to 
fully understand the physical degradation of AlGaN/GaN HEMTs their degradation must be 
observed during operation by employing in-situ TEM.  Performing in-situ TEM on a three 
terminal HEMT device is no easy task, and we have laid much of the ground work to make this 
experiment possible.  The greatest obstacle to performing in-situ TEM is the gate of a HEMT 
device.  In order to image the gate region in TEM it must be very thin, but at the same time it 
must be thick enough for an electrical contact to be made.   
Although great strides have been made in preparation for in-situ TEM, a large amount of 
work still remains.  The proposed protective layer of MgO must be employed and several test 
samples must be made in order to test the viability of MgO as a protective layer for a lift out.  In 
addition, once in-situ TEM has been performed the burden of proof lies in whether or not the 
results are representative of a real device.  A combination of in-situ TEM and complementary 
techniques such as atom probe tomography and electron energy loss spectroscopy can reveal not 
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only physical degradation, but also change in chemistry of the AlGaN layer and its defected areas.  
In-situ TEM will result in a temporal study showing how the microstructure of an AlGaN/GaN 
HEMT changes during operation and other techniques can reveal the changes in chemistry that 
take place during operation as well.  Although this study has been only concerned with 
AlGaN/GaN HEMTs the technique of in-situ TEM and the same sample preparation procedures 
can be applied to any other three terminal electronic device.   
The ultimate goal of the study of AlGaN/GaN HEMTs is to directly correlate electrical 
degradation with the actual physical degradation of the device, and to create predictive 
mechanisms and models to describe these phenomena.  In-situ TEM, although a difficult task, has 
the ability to observe and characterize the changes in microstructure that occur in these devices 
during operation, and this will undoubtedly have a great impact on the understanding of the 
degradation of AlGaN/GaN HEMTs in the future.  
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